were measured. In addition, the roles of IGF-1 and hypogonadism were investigated.
INTRODUCTION
Metabolic bone disease is a common complication of longstanding liver disease [1, 2] . Mechanisms underlying bone loss remain poorly understood and may involve imbalances in bone turnover and mineralization defects. We have shown that portasystemic shunting, a complication of advanced chronic liver disease, is a major pathogenic factor causing bone loss in rats [3] . Excessive osteoclast activity, resulting in localized or generalized bone loss, occurs in various conditions associated with immune activation [4, 5] . Activated T-cells express receptor activator of nuclear factor-κB ligand (RANKL) that bind to RANKL receptor on osteoclasts
BASIC RESEARCH
Effect of rapamycin on hepatic osteodystrophy in rats with portasystemic shunting activating osteoclastogenesis and bone loss [4] . This pathway produces TNFα, IL-1, IL-6, IL-7, and M-CSF all of which have been implicated in bone loss [6] [7] [8] [9] [10] . Blockage of RANKL by osteoprotegerin protects against bone loss [4] . The profound impact of activated T-cells on bone has been established. Osteopenia develops in ctla4 -/-mice where T-cells are spontaneously activated, whereas bone loss fails to occur in T-cell defi cient nude mice even following ovariectomy [11] . Further, RANKL expressing T-lymphocytes obtained from diseased rheumatoid arthritis joints transform healthy monocytes into osteoclast-like cells [12] . We hypothesized that endotoxin-mediated T-cell activation related to portasystemic shunting may result in osteoclast-mediated bone loss through RANKL dependent pathways.
Employing biochemical parameters of bone turnover and quantitative bone histology, this study aimed to characterize the nature of the bone disease resulting from portasystemic shunting in rats. The role of T-cell activation and inflammatory cytokine production on RANKLdependent pathways were specifi cally addressed.
MATERIALS AND METHODS

Animal Experimental design
Ten-week-old male Sprague-Dawley rats weighing 200-300 g were used in all experiments. The rats were housed individually in polypropylene cages at constant room temperature (22℃ ± 2℃), humidity (55%) and 12 h lightdarkness cycles. Rats were fed powderized chow (Epol, Johannesburg, South Africa) and water was given ad libitum. Rats received a daily 50 mL supplement (Energy 44.52 kJ, protein 0.373 g, carbohydrates 1.456 g, fat 0.373 g). Food intake was measured daily in metabolic cages during four time periods: wk 3, 9, 12 and 15. Ethics committee approval was obtained and animals were treated according to ethical guidelines of the University of Pretoria.
Group : n = 12 PSS. Laparotomy was performed, portal vein was ligated, transected and the distal limb anastomosed end-to-side to the IVC as previously described [3, 13] . Group : n = 12 PSS + rapamycin. Portasystemic shunt was perfor med and rapamycin 0.1 mg/kg administered daily orally by gavage for 15 wk starting 1 wk after surgery. Two rats died during the study period.
Group : n = 12 Sham control. Laparotomy was performed and the portal vein was clamped for 8 min.
Group : n = 12 Sham control + rapamycin. Following laparotomy controls received rapamycin 0.1 mg/kg, orally by gavage starting 1 wk following surgery and continued for 15 wk.
Analytical methods in sera and urine
Blood and urine samples were obtained at baseline and termination and frozen at -70℃. Urine was collected from rats individually housed in metabolic cages. Routine liver tests and testosterone were performed using a Beckman CX-9 and Access auto-analyzers respectively. 25-OH Vit D was determined using scintillation counting detection [14] . Osteocalcin was measured using ELISA kit (Osteometer BioTech, Herlev, Denmark). Cytokine levels were analyzed using an ELISA kit (Biotrac, Amersham, Buckinghamshire, United Kingdom). IGF-1 was measured using an ELISA kit (DRG Inc, Mountainside, USA). Urinary deoxypyridinoline was assessed using an enzyme-labeled immunoassay (Immunolite Pyrilinks-D, Los Angeles, USA).
Liver histology
Rat liver specimens were fixed in 40 g/L buffered formaldehyde and sectioned coronally in 3 μm sections for immunoperoxidase staining utilizing antibodies to ED-1 (1:50 dilution; Serotec, Oxford, UK). Kupffer cells were counted by an experienced histopathologist in ten high power fi elds (Olympus BX 40, plan 40 x objective) demonstrating the most Kupffer cells. An average per high power fi eld was then calculated.
Bone densitometry
Rats were anaesthetized and bone densitometry was performed using DEXA (DXA QDR 4500 TM , Hologic INC, Waltham, USA). Measurement stability was controlled daily by scanning a phantom. Whole-body and high-resolution scans of the right femur were performed at baseline and 16 wk using software for small animals (Hologic, INC, Waltham, USA).
Histomorphometry
Rats received intramuscular injections of 25 mg/kg tetracycline 13 and 3 d prior to termination. At termination the left tibia was removed, stored in 70% ethanol at 4℃, fixed in modified Millonig solution for 24 h, embedded in methylmethacrylate, sectioned at 5 μm and stained by modifi ed Masson technique. Histomorphometric analyses were performed manually using a Merz-Schenk integrating eyepiece. Trabecular bone was analyzed excluding sections within two fi elds at × 250 magnifi cation from either the growth plate or the cortices. At least 120 fi elds per animal were counted. Double tetracycline-labeling was assessed on 10 μm thick unstained sections cut from the proximal tibia by fl uorescent microscopy using a Merz-Schenk eyepiece. Variables and units used are approved by the American Society for Bone and Mineral Research [15] .
Flow cytometry
Peripheral blood obtained at termination were incubated with the following combinations of monoclonal antibodies: fl uorescein isothiocyanate/phycoerythrin labeled CD4+/ CD25+; CD8+/CD25+ (Immunotech, Beckman Coulter, Inc. Fullerton, USA). Analysis was performed on a Coulter Epics fl ow cytometer. Lymphocytes were gated on forward and side scatter. The percentage of CD3+ T-cells in the gate was deduced from the percentages for CD4+ and CD8+ T-cells.
Quantitative RT-PCR
Total RNA was extracted from PBMC using the Qiagen RNeasy kit. Aliquots of 8.5 μL were used in a RT-PCR reaction in a total volume of 20 μL (Roche, First strand cDNA synthesis kit, Mannheim, Ger many).
Complementary DNA PCR primers were designed from sequences from Genbank or TIGR (Inqaba Biotech, Pretoria, South Africa). tnfα (Sense: 5'-atggcccagaccctcac-3', Antisense: 5'-agcacatagacggggcag-3'); rankl (Sense: 5'-tgga ggatttttcaagctccgg-3'; Antisense: 5'-gccccaaagtacgtcgca-3') and Gapdh (Sense: 5'-ggcccctctggaaagct-3'; Antisense 5' -aggtggaggaatgggagt-3'). The reaction mixture consisted of cDNA (1 μL), 10 pmol of each primer, 1 μL LightCycler FastStart DNA Master SYBR Green 1 Mix (Roche, Mannheim, Germany), 500 ng BSA (Gibco, BRL, Gaithersburg, MD) and 3 mol/L MgCl2 in a total volume of 10 μL. FastStart polymerase was activated and cDNA denatured by a pre-incubation of 10 min at 95℃. The template was amplified for 40 cycles of denaturation at 95℃ for 0 s, annealing at 60℃ for 8 s and extension at 72℃ for 12 s. Standard curves were generated from series diluted cDNAs and analyzed using the Light Cycler quantifi cation software.
Analytical methods of bone calcium content
Right femurs were dried for 6 h at 60℃, then ashed for 8 h in a muffl e furnace at 600℃. Bones were weighed, and the length and mid-shaft thickness measured. The femurs were dissolved in 3 mL of 6molL HCl and diluted 3000x with demineralized/de-ionized water. Calcium content was determined against a 4 point standard curve (r 2 = 0.9999), using a Perkin-Elmer 3030 atomic absorption spectrophotometer as previously described by our group [3] .
Determination of 4-hydroxyproline in left femurs
Dried femurs were dissolved in 10 mL 6 mol/L HCl, at 100℃ for 24 h and centrifuged for 5 min at 4000 r/min at 4℃. n-Tetracosane (C24H50) in chloroform was added to the eluates as internal standard. The eluates were dried in nitrogen, the amino acids derivatized with N-methyl-N (t-butyldimethylsilyl) trifluoroacetamide and analyzed using gas chromatography as previously reported by our group [16] .
Statistical analysis
Data were analyzed using SigmaStat and SigmaPlot for Windows version 4.0. Data were checked for normality and equal variance; if passed, ANOVA was performed and where failed, analysis of variance on ranks (KruskalWallis) was conducted. Results are presented as means ± standard deviation. Analysis of covariance was performed to compare groups with respect to change in BMD from wk 1 to 16. Pair-wise comparisons were performed using Fisher's LSD and for between group comparison Wilcoxon rank sum test was performed. Results were considered signifi cant at P < 0.05.
RESULTS
Body mass and food intake
Body mass decreased after surgery in the portasystemic shunted animals despite feeding with powderized and supplemental feeds. Weight gain was restored by wk 3 in the shunted animals and remained parallel to the control groups throughout the study (Figure 1 ), confirming growth in shunted animals. The rate of weight gain from wk 2 as refl ected in the Pearson correlation coeffi cient did not differ between the shunted and control animals ( Figure  1 ). Powderized food intake remained lower in shunted animals during the fi rst 12 wk of the study (P < 0.01). The supplemental feed was consumed by all animals daily. Food intake, corrected for body mass, showed no differences between the groups with total food intake (powderized + supplemental) being higher than the recommended intake for adult laboratory rats (15 g/d). Calcium and Vit D was further supplemented in the powderized chow. By wk 15 no difference in food consumption (powderized feed) was seen ( Figure 2 ). Body mass was still signifi cantly lower in shunted animals at termination (Figure 1 ).
Serum and urine biochemistries
No differences were seen at baseline. Transaminase levels were elevated in shunted groups and the control group receiving rapamycin. Serum total ALP was elevated in both shunted groups and confi rmed to be of hepatic origin by electrophoresis. Serum albumin, testosterone and IGF-1 levels were significantly lower in both shunted groups. 25-OH vit D levels were not different between the groups at 16 wk (Table 1) . Serum osteocalcin was significantly lower in the PSS group but not different in the PSS group receiving rapamycin compared to controls (Table 1) . A trend towards higher u-DPD levels was observed in 
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ISSN shunted animals compared to control animals. Signifi cantly higher u-DPD levels were seen in control animals receiving rapamycin.
DEXA, bone mass and composition
Mean whole body and femoral BMD were comparable at baseline. At 16 wk whole body and high resolution femoral BMD were significantly lower in portasystemic animals compared to controls (Table 2) . BMD in PSS receiving rapamycin did not differ from controls. The change in BMD from baseline to wk 16 using pair-wise comparisons showed that the increase in BMD in the shunted group (group ) was signifi cantly lower compared to the control group (P = 0.006). The increase in BMD in the PSS receiving rapamycin was comparable to controls (P = 0.07). Shunted animals had lower body mass, femoral length and thickness (Table 2) . Femur mass, expressed as a function of body mass, was increased in PSS. Femoral calcium content, expressed as a function of femoral mass (mg Ca 2+ /mg femur), was not decreased in shunted animals, excluding signifi cant osteomalacia. Femoral hydroxyproline levels tended to be lower in the PSS group compared with controls (Table 2) . Unexpectedly, shunted and control rats receiving rapamycin had signifi cantly higher femoral hydroxyproline.
Quantitative Histomorphometry
Osteoid volumes and surfaces, and mean osteoid seam thickness, was higher in the PSS compared with control animals (Table 3) . Bone formation was decreased in PSS rats (Figure 3) . Mineralization of newly formed osteoid, van der Merwe SW et al. Hepatic osteodystrophy reflected in the mineralization lag time, was significantly delayed in PSS rats, accounting for the accumulation of osteoid in these animals ( Table 3) . Bone resorption over 16 wk, as reflected in the total eroded surfaces, was significantly decreased in PSS animals, although active osteoclastic resorption at the time of sacrifi ce was comparable among groups (Table 3) . Bone turnover in shunted animals was increased by rapamycin as evidenced by increase bone formation and resorption. Osteoid accumulation and the mineralization defect induced by shunting were largely normalized by rapamycin (Table 3) .
T-cells, cytokine levels and tnfα and rankl expression
PSS increased the percentage of circulating CD3+ lymphocytes by 1.3 fold (P < 0.001) above that for control rats (Table 4) . Rapamycin treatment of PSS rats returned the CD3+ T-cell population to that of control rats with an altered ratio of CD4+ to CD8+ T-cells of 3:1. No alteration occurred in either the size of the CD3+ population or the normal ratio of CD4+ to CD8+ T-cells in rapamycin treated control rats (Table 4) . PSS did not affect the normal CD4+ or CD8+ T-cells fractions expressing CD25. There was a significant increase (P < 0.001) in the percentage of CD4+ and CD8+ T-cells expressing CD25 with rapamycin treatment in both PSS and control rats (Table 4) . Serum levels of IL-1, IL-6 and TNFα were similar in all groups (Table 4) . RT-PCR showed that TNFα gene expression in shunted and control animals was comparable. RANKL-expression was signifi cantly lower in PSS animals.
DISCUSSION
We previously investigated the contribution of parenchymal inf lammation, por tal hyper tension and portasystemic shunting to the development of metabolic bone disease using rat models. Only portasystemic shunting caused signifi cant bone loss [3] . The present study aimed to delineate the immune responses associated with portasystemic shunting and how this may infl uence bone loss in the rat. Further, the profound effect of activated T-cells on bone turnover has been well established [11, 12] . We set out to study the effect of T-cell inhibition using rapamycin, not shown to have adverse effects on bone composition (in contrast to cyclosporin and tacrolimus), on biochemical and histological bone parameters in rats following portasystemic shunting.
The present study confirmed the adverse effect of portasystemic shunting on skeletal integrity as evident by a significant decrease in whole-body and femoral BMD. Quantitative bone histology documented hyperosteoidosis and an increased mineralization lag time in shunted animals, suggesting a degree of impaired mineralization. Histological evidence of frank osteomalacia was absent. Serum 25-OH vitamin D levels and femoral calcium content were comparable between shunted and control animals, and ALP iso-enzymes in shunted animals originated from liver not bone, supporting the histological evidence that the low BMD observed in shunted animals was mainly the result of osteoporosis.
Femur mass per 100 g body mass was higher in shunted rats compared to controls. Trabecular bone loss is known to occur earlier and more extensive compared to cortical bone loss due to the large surface area available for resorption. The apparent discrepancy between the rise in femur mass per 100 g of body mass in portasystemic shunted animals may be explained by lean body mass being lost earlier and more rapidly than cortical bone mass so that a lag in cortical bone loss gives rise to an apparent increase in bone mass relative to body mass. Low-turnover osteoporosis may occur due to proteinenergy malnutrition [17] . IGF-1 and testosterone levels were decreased in the shunted rats. Malnutrition [18] and liver disease [19] have been associated with decreased circulating levels of IGF-1. Low testosterone levels have been previously documented in portasystemic shunted rats [20] with osteoporosis [3] . IGF-1 has previously been implicated in bone loss in chronic liver disease [21, 22] . It is not possible to exclude that malnutrition contributed to bone loss in shunted rats. Malnutrition is associated with advanced liver disease although muscle wasting independent of malnutrition may be a feature of liver cirrhosis [23] . Reduced spontaneous locomotor activity due to altered histaminergic neurotransmission can reduce food intake in shunted rats [24] . We could, however, document that food intake in the shunted animals met the nutritional requirements calculated for their body weights during four time periods. However, despite restoring growth and weight gain (Figure 1) , osteoporosis still developed in the portasystemic shunted rats. This improved feeding protocol may explain the differences observed in the present study compared to our previous study [3] In our previous study weight loss was observed throughout the study period and TNFα levels were increased and vitamin D levels decreased in shunted animals. In the current study TNFα and vitamin D levels did not differ from the control animals suggesting a stable model due to improved feeding.
An important observation in the study was that portasystemic shunted animals receiving rapamycin had increased bone formation, whole body and high resolution BMD, as well as increased osteocalcin levels in serum and hydroxyproline content in femurs, compared to shunted animals not receiving rapamycin. These positive changes on bone turnover variables occurred despite lower body mass, IGF-1 and testosterone levels compared to controls. This finding further suggests that malnutrition and decreased IGF-1 and low testosterone levels can only partially explain osteoporosis observed in shunting.
Pro-inflammatory cytokines like IL-1, IL-6, TNFα and RANKL are known to activate osteoclastogenesis and cause high-turnover osteoporosis [9] [10] [11] 25] . Serum levels of IL-1, IL-6 and TNFα, and tnf-α and rankl gene expression in PBMC, were not increased in shunted rats. Instead, osteocalcin, a marker of bone formation, was signifi cantly decreased and quantitative histomorphometry showed impaired bone formation, suggesting low-turnover bone disease in shunted rats. Collectively, these observations suggest that the pro-infl ammatory cytokines studied, are not responsible for bone loss in portasystemic shunting.
Rapamycin decreased the circulating CD8+ T-cell population in PSS rats. Lymphocyte proliferation inhibition by rapamycin is known to be dependent on the activation pathway of the proliferative signal with CD8+ T-cell proliferation being more affected than CD4+ T-cell proliferation [26] [27] [28] . The effect of rapamycin on the CD8+ T-cell population in PSS rats indicate that these cells are more activated than CD4+ T-cells.
Expression of the CD25 marker in this study does not appear to reflect cellular activation. There was no difference between the control group and PSS group with respect to fraction of CD4+ or CD8+ T-cells expressing the CD25 marker, suggesting that the cells expressing CD25 belong to a population of regulatory T-cells (Treg cells). Treg cells in mice and humans are associated with a restriction of most immune responses [29] . No documentation of such cell populations in rats has been made. Rapamycin increased the percentage of CD4+ and CD8+ T-cells expressing CD25 for both normal and shunted rats. This has been proposed to be a component of the immunosuppressive properties of rapamycin [30] . Although not much is known of the function of the CD8+CD25+ T-cell population in rodents, this population in humans has similar immunoregulatory characteristics to the CD4+CD25+ T-cell population [31, 32] . Murine studies indicate an inability of CD8+CD25+ T-cells to induce osteoclast differentiation [33] . In shunted rats where the fraction of these cells was increased by rapamycin, increased bone formation was observed. An increase in this population of CD8+ T-cells by rapamycin in normal rats also increased hydroxyproline levels in femurs.
The overall changes in the lymphocyte population seen with rapamycin treatment of shunted rats are associated with an increase in bone formation, whole body and high resolution BMD as well as higher circulating levels of osteocalcin and femoral hydroxyproline content. Although IL-1, IL-6, TNFα and RANKL do not appear to be involved in portasystemic shunting associated osteopenia, other cytokines that are modulated by rapamycin may be implicated. IFNγ suppresses osteoclast activity while macrophage production of IL-12, a major stimulator of lymphocyte IFNγ production is upregulated by rapamycin. T-cell production of IFNγ via an IL-12 mechanism may be important in the bone protection observed in rapamycin treated animals [34, 35] . An alternative explanation whereby rapamycin may increase bone formation is through mTOR a member of the phosphoinositide 3-kinase related kinase (PIKK) family, which plays a critical role in transducing proliferative signals mediated through the PI3K/Akt signalling pathway [36] . The mTOR gene is expressed in osteoblasts [37, 38] and rapamycin has been shown to upregulate growth factors like BMP-4 and latent TGF-β binding protein in certain cancer cell lines [39] . This may present an additional pathway by which bone formation is stimulated by rapamycin.
In conclusion, we hypothesized that portasystemic shunting would result in T-cell activation, cytokine mediated osteoclastog enesis and high-tur nover osteoporosis. Instead, we documented low-turnover osteoporosis, which was partially ameliorated by rapamycin. A better understanding of the direct mechanisms of rapamycin on bone is required.
